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Signature of surface states on NMR chemical shifts: A theoretical prediction
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We show with anab initio calculation that electronic surface states have a strong effect on NMR chemical-
shift spectra. For the hydrogen-chemisorbed diamond~111! surface, we find that the atomic layers close to the
surface experience a variation of the chemical shift, which is proportional to the density of empty surface
states. This effect could be used as a direct probe of the surface-state density profile, by measuring experi-
mentally the NMR chemical shift resolved for each atomic layer.@S0163-1829~99!00523-8#
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In the bulk of a crystal, as a general consequence of lat
periodicity, the electronic states are extended. At a surf
however, the translational symmetry of the crystal is brok
and localized electronic states, which are forbidden in
bulk, can exist. These surface states decay exponent
from the surface into the bulk, and play an important role
the electronic, chemical, and structural properties of the
face. They can be detected by surface-sensitive experime
techniques, e.g., with x-ray photoemission spectroscopy
traviolet photoelectron spectroscopy, or scanning tunne
microscopy. However, to our knowledge, only indirect e
perimental observations of the surface states’ decay h
been reported.1 In this work, we present anab initio calcu-
lation of the13C nuclear magnetic resonance~NMR! chemi-
cal shifts of a diamond surface, using a recent theory de
oped for condensed-matter systems.2 In the atomic layers
close to the surface, we find surprisingly strong variations
the chemical shift, which are proportional to the probabil
density of an unoccupied surface state decaying into
bulk. Using this effect, it would be possible to measure
rectly the decay length of the surface state with NMR. W
illustrate the impact of surface states on the NMR chem
shifts for an ideal flat surface, however, we expect tha
similarly strong effect would occur also for different geom
etries, e.g., in nanoclusters, or zeolites, whenever sur
states are present.

The relevance of our theoretical findings is further e
hanced by recent experimental advances in surface NMR
study surfaces with NMR, one needs to selectively enha
the signal from surface atoms. This has been accomplis
e.g., using optically pumped hyperpolarized gases. The N
signal is proportional to the population difference in nucle
spin levels. At thermal equilibrium, this difference is usua
less than 1 in 105, but with optical pumping, it is possible t
reach values that are close to unity. These techniques
been used to increase the NMR signal of129Xe in the gas
and solid phases,3 or adsorbed on surfaces.4 Via cross polar-
ization, the 129Xe polarization can be transferred to oth
nuclei, such as1H or 13C.5–8 In the case of129Xe adsorbed
PRB 600163-1829/99/60~4!/2941~5!/$15.00
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on a surface, the polarization is preferentially transferred
the nuclei close to the surface, whose signal is enhance
many orders of magnitude.6,7 Moreover, one can probe nu
clei at different distances from the surface by changing
contact time, and thereby the penetration depth of the s
polarization.7

A uniform, external magnetic fieldB ext applied to a
sample of matter induces an electronic current densityJ(r ),
which gives rise to a nonuniform-induced magnetic fie
Bin(r )

FIG. 1. The deviations of the chemical shift from the bulk valu
d i(z) ~circles! andd'(z) ~squares! are plotted for each C layer as
function of the distancez from the H layer. We also plot2r(z)
~diamonds!, wherer(z) is the square amplitude of the surface sta
at theG point, integrated over an atomic sphere centered at eac
site. The scale forr is chosen in such a way that, at the third laye
2r(z) andd i(z) coincide. Notice the close agreement between
two quantities. The lines are guides for the eye.
2941 ©1999 The American Physical Society
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FIG. 2. ~Color! Current density
induced by an external magneti
field Bext parallel to the surface in

the (112̄) direction ~coming out of
the page!. We show the current den

sity in the (110̄) plane containing
the H atoms. We plot the differenc
DJ(r ) between the slab and the bul
J(r ). We do not plotDJ(r ) above
the top C layer, which experiences
different chemical environmen
since it is bonded to the H layer
The color coded density plot visual
izes the square modulus of the su
face state at theG point. Blue corre-
sponds to low and red to high
density. One can recognize the cha
acteristic pz shape of this state
which leads to the different behav
ior of d'(z) and d i(z) shown in
Fig. 1. Notice thatDJ(r ) is larger
around the atoms on which the su
face state resides.
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Bin~r !52sJ~r !Bext. ~1!

Here,sJ (r ) is the chemical shift tensor, which is measured
the nuclear positions by NMR.

The amplitude ofB in(r ), even deep inside the bulk, de
pends on the shape of the sample and on the orientatio
the external magnetic field. This effect is well known fro
classical magnetostatics, and is a signature of macrosc
t

of

pic

surface currents.9 As a consequence, the asymptotic bu
values(bulk) of the shift is different if the external field is
aligned parallel or normal to the surface. We are interes
here in themicroscopicsurface effects, and therefore focu
on the deviation from these asymptotic bulk values at a d
tancez below the surface,

d'~z!5s'~z!2s'~bulk!,
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d i~z!5s i~z!2s i~bulk!, ~2!

where s' and s i are the diagonal component ofsJ in the
directions normal and parallel to the surface, respectivel11

We now consider a particular surface, which is the ide
hydrogen-terminated~111! surface of diamond, C~111!:H. In
our calculation, we model the surface using a repeated
geometry, and we describe the electronic structure wit
density-functional theory in the local-density approximati
~DFT-LDA!.12 We computes'(z) ands i(z) in the slab, and
s'(bulk) and s i(bulk) in bulk diamond crystal following
Ref. 2. In Refs. 15 and 2, we have shown the excellent ag
ment of the present theory with the experimental data
various carbon systems.

The results of our calculation for the slab are presente
Fig. 1, where for each C layer we plotd i(z) andd'(z) as a
function of the distancez from the H layer. With increasing
z into the crystal, the shift approaches the bulk value, a
d i(z) andd'(z) converge to zero.9 As Fig. 1 shows,d'(z) is
positive, i.e., diamagnetic, and decays rapidly. When
field is parallel to the surface, the results are different a
quite unexpected. We find thatd i is negative, i.e. paramag
netic, and decays to zero much more slowly. Even five
layers deep into the bulk,d i is still 21.9 parts per million
~ppm!, a magnitude that can be detected experimentally.
large d i for the subsurface layerscannotbe explained by a
structural relaxation mechanism, since just the first C la
relaxes significantly. We also note thatd i of the even layers
is essentially zero, and only the odd layers show a slo
decayingd i . Finally, at the first layer, the change in th
isotropic shiftd5(2d i1d')/3 is 218.9 ppm. This paramag
netic shift is contrasted by trends observed in saturated
drocarbons and in amorphous carbon, where a replacem
of a C-C single bond by a C-H bond moves the isotro
shift by between12 and113 ppm,15,16 i.e., in the opposite
direction.

To understand these surprising results, we consider
current density induced by an external magnetic field para
to the surface. To isolate the effect of the surface, we plo
Fig. 2 the differenceDJ(r ) between the slab and the bu

FIG. 3. Positions of the bulk and surface bands with respec
the vacuum level, computed within DFT-LDA.
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current density.17 From the figure we see thatDJ(r ) is local-
ized on circular orbits around the atoms. Moreover, we fi
DJ(r ) to be negligible on all the odd layers, in coinciden
with a vanishingd i(z). These observations indicate th
d i(z) for a given atom is mostly determined by induced cu
rents around that same atom.

The trends observed ford'(z), d i(z), andDJ(r ) are re-
lated to the electronic structure of the surface. Experim
tally, the C~111!:H surface exhibits a negative electro
affinity,18 i.e., the conduction-band minimum is found to b
0.7 eV above the vacuum level. DFT-LDA reproduces t
property.19 In our calculation, the conduction band minimu
and the valence-band maximum are 0.76 eV above and
eV below the vacuum level, respectively~the DFT-LDA fun-
damental gap being 4.17 eV!. Furthermore, we find a nonde
generate, empty surface-state band with a minimum at thG
point of the Brillouin zone, 0.80 eV below the vacuum leve
No occupied surface states are present. These results ar
picted in Fig. 3. The plane in which the surface-state den
reaches its largest value isnot located on a surface atom, bu
in the vacuum, 1.4 Å away from the H plane as shown
Fig. 4. Indeed the surface band originates from vacuum fr
electron states that are attracted by the tail of the poten
near the surface. These kinds of surface states are a ge
feature of negative electron affinity surfaces, and are a
observed in BN graphitic sheets.20

To understand the role of the surface states, we ana
the chemical shift by partitioning it into a diamagnetic and
paramagnetic term,16 s n̂5s n̂

d
1s n̂

p , wheres n̂ is the diagonal

element of the tensorsJ in the directionn̂, and

s n̂
d
5

e2

mc2 (
i

occ K c iU r 22~r•n̂!2

r 3 Uc i L ~3!

to

FIG. 4. Density of the lowest unoccupied surface state at thG
point. The planar average density is plotted as a function of
distance from the H plane. The positions of the H- and C-at
planes are indicated with open and filled circles, respectively.
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s n̂
p
52

2e2

m2c2 (
i

occ

(
j

emp
^c i un̂•L uc j&^c j ur 23n̂•L uc i&

« j2« i
. ~4!

Here, uck& are the eigenstates of the Hamiltonian for t
electrons with eigenenergies«k , the indicesi and j run over
the empty and occupied states, respectively, andr andL are
the position and the angular momentum operators relativ
the nucleus for whichs is computed.21 The diamagnetic
term s n̂

d is always positive, whereass n̂
p is usually negative.

The presence of empty surface states in the gap increase
paramagnetic terms n̂

p , since the surface states lie below t
bulk conduction band, and hence the energy denominato
Eq. ~4! become smaller. In particular, for the extra surfac
state contributions, the numerator of Eq.~4! would be
roughly proportional to the square amplitude of the surfa
states on the atomic site.21 The diamagnetic terms n̂

d , which
depends on occupied orbitals only, is not affected by em
surface states.

For illustration, we single out the state at theG point,
uc surf

G &, which has the lowest energy, and should have
strongest effect ons n̂

p according to Eq.~4!. In Fig. 2, we
show as a color-coded density plot the square modulu
ucsurf

G &. The change in current densityDJ(r ) is indeed larger
where the surface state prevails. In Fig. 1 we plot2r(z),
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wherer(z) is the integral of the square amplitude ofucsurf
G &

over an atomic sphere of radius 0.42 Å, centered at eac
site. The scale forr is chosen in such a way that, at the thir
layer, 2r(z) and d i(z) coincide. The close agreement be
tween2r(z) and d i(z) indicates thatd i is indeed propor-
tional to the square amplitude of the surface state. The ag
ment is not perfect for the first C layer, which experiences
different chemical environment since it is bonded to the
layer. Finally, because of the symmetry of the C~111!:H sur-
face, the expression (n̂'•L )ucsurf

G & in Eq. ~4! vanishes.22 This
explains why the surface state does not contribute tos n̂

p if the

field directionn̂ is perpendicular to the surface.
In conclusion, we have shown that the presence of el

tronic surface states has a strong impact on the NMR che
cal shift of atoms near the surface. Unoccupied surface st
cause a paramagnetic deshielding proportional to their squ
amplitude. This effect could be used as a means to mea
the spatial extent of surface states.
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